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ABSTRACT: To explore pesticide uptake from soil into a growing potato, a moving-boundary dynamic model is proposed on the
basis of the radical diffusion process of a chemical to a sphere. This model, which considers the logistic growth of the potato tuber,
describes two hypothetical processes of chemical diffusion within a growing tuber. The model was tested in an illustrative case study
for an application of chlorpyrifos. Results indicate that the distribution of chlorpyrifos concentrations along the potato radius is
significantly affected by the tuber development. In comparison of our results to results from a classic model using a fixed boundary,
the proposed dynamic model yields a quick and big jump for both the average concentration and bioconcentration factor (BCF) of
chlorpyrifos in the potato as a result of the sigmoid expansion boundary. Overall, the dynamic model predicts that chlorpyrifos BCFs
in the potato at harvest are higher than those using the classical model. In comparison of model results to measured uptake of
chlorpyrifos into potato at harvest, the dynamic model shows better performance than the classical model. Our results provide a new
perspective on pesticide uptake into potatoes and inform human health risk assessment for pesticides applied at different tuber
growth stages.

KEYWORDS: uptake model, soil pollution, crop contaminations, diffusion process, logistic growth

1. INTRODUCTION

Pesticides are widely used in agricultural fields to protect crops
against pests, insects, and weeds.1,2 After application, pesticide
residues can be emitted and transported into various
environmental media, including air, soils, water, and crops,3

and can cause human and ecological health damages.4,5 Among
possible human exposure pathways, pesticide residues in crops
grown for human consumption usually dominate overall
exposure for the general population.6,7 In addition to field
sampling and analytical detection, modeling the plant uptake of
pesticide residues can be an efficient way for high-throughput
estimation of residual pesticide concentrations. Previous
modeling studies have made extensive efforts to predict the
residue concentrations in plants for various uptake scenarios,
including soil-based uptake8−10 (e.g., into grasses), spray-based
absorption11 (e.g., into tomatoes), diffusion-based uptake12,13

(e.g., into potatoes), and multi-pathway uptake14−18 (e.g., into
wheat and tomato).
Potato, as the most widely consumed root and tuber crop,

plays a significant role in the global food security, because
potatoes can be easily grown and yield high production rates.19

However, pesticides and other chemical contaminants have
been widely detected in potatoes,20,21 which has become a
major population health concern. Diffusion processes play a
significant role in the chemical bioaccumulation of pesticides in
potatoes from surrounding soils.12−14,22 The chemical
concentration gradient between the soil, to which several
pesticides are directly applied, and potato tissues thermody-
namically drives chemicals toward uptake into the potato
tubers. To understand this process, modeling studies have
made great efforts to predict the bioconcentration of chemicals

in potatoes. For example, Trapp et al.12 developed a diffusion
model for carrots and potatoes and evaluated the model by
combining it with disc experiments. Paraib́a and Kataguiri23

simulated the bioconcentration factor (BCF) of pesticides in
potatoes by evaluating the fate of pesticides in soil solutions
and potatoes. Juraske et al.13 integrated the pesticide
application patterns into a diffusion model to provide a
realistic perspective of pesticides applied to agricultural fields.
Fantke et al.14,24 developed a multi-crop model, which
generalizes the chemical transport of pesticides into various
crops (e.g., apple and potato) based on coupling different fate
processes via matrix algebra.15

All of these models build on a classic diffusion model,
focusing on the total mass of the chemical entering the potato
tubers (or the average concentration in the tubers) and
treating the potato as a single box compartment.12,13,23,24 This
suggests a homogeneous distribution of chemicals throughout
the potato tuber, simulating the chemical diffusion process
using a fixed boundary between the soil and potato
compartments. However, the chemical rather follows a
heterogeneous distribution along the radius of the potato
tuber (of assumed spherical shape) and is further influenced by
the growth of the tuber. The classic diffusion model introduces
a “dilution rate” of the chemical in the tuber that is based on
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the specific growth rate of the tuber.12,13,23,24 This is in line
with the assumption of a homogeneous chemical distribution
in the tuber. However, the heterogeneous distribution of a
chemical along the potato radius could be significantly affected
by the expanding boundary of the diffusion process as a result
of the growth of the potato, especially during the tuber
development stage, where the potato is rapidly growing. This
might influence predicted bioaccumulation and pesticide
residue results in harvested potato tubers for chemicals that
are applied at different times before potato harvest.13 This, in
turn, is an important aspect to inform the assessment of human
exposure and health risks associated with pesticide residues in
potato crops.25,26

To address this aspect, the present study aims to develop a
moving-boundary dynamic model for the uptake of pesticides
from soil into potato tubers, with focus on three specific
objectives: (1) to evaluate the heterogeneous distribution of
chemical concentrations in a growing potato tuber, (2) to
simulate the average concentration of a chemical in a whole-
potato unit using the integral form of the dynamic model to
investigate the uptake process of a chemical as a function of
time, and (3) to discuss implications of model assumptions for
assessing human exposure and related health risk by comparing
our results to results from a classic diffusion model.

2. METHODS
2.1. General Modeling Framework. Our study includes three

main parts: (1) the partial-differential-equation (PDE)-based model
with moving boundary (or dynamic sphere model), (2) the integral
form of the dynamic model used to obtain the average concentration
of a chemical in potato tubers, and (3) the comparison of our
simulated results to those of a classic diffusion model. In the dynamic
sphere model, chemical diffusion is assumed to occur along the radius
of the considered sphere and a logistic function is applied to describe
the expansion of the sphere, which mimics the diffusion process of a
pesticide from the soil into a growing potato tuber. The dynamic
sphere model was developed using a PDE that describes the chemical
concentration as a function of the radius, time, and moving boundary
of the sphere, which simulates the heterogeneous distribution of a
chemical in a growing potato tuber. We follow a similar approach to
simulate chemical uptake into crops as proposed by Satchivi et al.27

Next, we obtained numerical solutions to solve the dynamic sphere
model (MATLAB, version R2020b). For the integral form of the
dynamic sphere model, we integrated the chemical concentration
along the radius of the assumed sphere to calculate the total mass of
the chemical that has diffused into the growing potato tuber as a
function of time. Chemical concentration results were finally
compared to results from the classic model for given time steps
until tuber harvest. In both dynamic and classic models, the potato
peel was not considered separately to simplify the simulation process.
2.2. Classic Diffusion Model. Previous studies adopted a

practical approach that treats the absorption of a chemical in a
potato as a two-compartment system with a fixed boundary.12,23 This
approach infers the diffusion of a chemical from soil to potato tissues
without characterizing the change of the potato radius, using the
constant growth rate of the potato tuber (kg, day

−1). Following this
approach, diffusion can be expressed until the maximum mass is
reached at harvest time (th, day)
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where CP
c(t) (mg kg−1) is the concentration of the chemical simulated

by the classic diffusion model. We define t = 0 as the time at which
the potato is seeded or planted and te (d) as the time at which a
chemical is emitted or applied to soil. CS(t) (mg kg−1) is the
concentration of a chemical in the soil, and KPW (L kg−1) and KSW (L
kg−1) denote the potato−water and bulk soil−water partition
coefficients, respectively. θW (g g−1) is the water content of the
potato tissue; TP (dimensionless) is the tortuosity factor of the potato
tissue; DW (m2 day−1) is the diffusivity of the chemical in water; ρP
(kg L−1) is the density of the potato tuber; and CS(te) is the
concentration of the chemical in bulk soil immediately after chemical
emission or application. kg (d

−1) is the specific dilution rate of the
chemical concentration in the potato caused by the growth of the
potato. kd,P (day−1) is the degradation rate of the chemical in the
potato, including microbial and chemical degradations. We note that
several previous studies did not include the degradation process of the
chemical in potato tissues based on a conservative assumption
commonly applied in human risk assessment.12,23 However, our study
aims to develop a mass balance model such that all relevant processes
in the system are considered, including degradation that competes
with diffusion of the chemical from or to soil.28 We assumed that the
concentration of the chemical in the soil [CS(t), mg kg−1] surrounding
the potato is only affected by a first-order degradation process (kd,S,
day−1). With that, eq 1 can be solved as
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where kS→P = (23θWTPDW)/(r
2ρPKSW) and kP→S = (23θWTPDW)/

(r2ρPKPW). kS→P (day
−1) and kP→S (day

−1) are the specific uptake rate
of the chemical from soil into the potato tuber and the specific
elimination rate of the chemical back from the potato tuber to the soil,
respectively. The related bioconcentration factor simulated from the
classic diffusion model [BCFc(t), kg kg−1] can be expressed as
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Here, BCFc(t) is defined as a function of time, i.e., a dynamic function
instead of a steady-state ratio derived in previous studies.12,23

2.3. Moving-Boundary Dynamic Diffusion Model. Because
the mass of various crops, including potatoes, follows a logistic growth
function,14,29 the uptake process of the chemical from the soil could
be affected, especially during the rapid expansion phase of the potato
tuber. To reflect this aspect, we developed a moving-boundary
dynamic model based on the logistic growth of the potato. The
diffusion of a chemical into an assumed potato tuber sphere driven by
the concentration differential, i.e., passive diffusion, can be expressed
by a basic radial diffusion model
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where Cp(r,t) (mg kg−1) is the concentration of the chemical in the
potato tuber as a function of time (t, day) and distance to the center
of the tuber sphere (r, m). In this model, we define t = 0 as the time
that the potato is seeded with an initial mass of a seedling (Mp

0, kg).
When the chemical has not yet been emitted or applied to soil (0 ≤ t
< te), Cp(r,t) is 0, such that [∂Cp(r,t)]/(∂t) = 0. Further, rp(t) (m) is
the radius of the growing potato as a function of time. We assumed
that the chemical diffusion process only occurs in the water phase of
the soil and the potato tissue, and thus, Dp

E, which is the adjusted
diffusivity of the chemical in the potato tissue, can be converted from
the diffusivity of the chemical in water to (θWTPDW)/(ρPKPW).

12,23

In a dynamic system, we assume that the growth rate of the mass of
a potato [Mp(t), kg] follows a logistic function, where rp(t) is
expressed as a function of time14,29
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where CF (1000 L m−3) is a unit conversion factor and Mp
max (kg) is

the maximum mass of the potato tuber (t = tg). Thus, according to eqs
6a and 6b, we can determine Mp(te) (kg) and rp(te) (m) at the time
when the chemical is emitted or applied to soil. At t = 0, we assumed
that the potato tuber has an initial radius of rp(0) = [(3Mp

0)/
(4πρp)]

1/3.
In addition, it was assumed that, at the surface of the potato, the

thermodynamic condition of the chemical between the soil and potato
tissue can be expressed as follows:
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where C(r,te) (mg kg−1) denotes the concentration of the chemical in
the potato tissue at a distance r away from the center of the potato
when t = te. Thus, the entire dynamic sphere model can be expressed
as follows:
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2.4. Diffusion Mass and Average Concentration of
Chemicals in Potato. As input for human exposure and health
risk assessment, it is important to know the total mass of the chemical
(e.g., field-applied agricultural pesticides) that diffuses into the edible
potato parts as a function of any given crop harvest time. The total
mass of a chemical [MC(t), mg] and its average concentration [C̅p(t),
mg kg−1] in a potato as a function of time can be expressed as
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Table 1. Summary of the kd,P and kd,S Values of the Selected Pesticides

chemical compartment t1/2,P (day) mean of t1/2,P (day) kd,P (day
−1) kd,S (day

−1)a reference

aldicarb flesh 5.9 5.90 0.12 0.35 32
bendiocarb flesh 4.9 4.90 0.14 0.20 32
carbaryl flesh 4.4 4.40 0.16 0.04 32
cymoxanil tuber 1.08 1.19 0.58 0.20 33
cymoxanil 1.3
ethylenethiourea tuber 6.16 6.66 0.10 0.17 34
ethylenethiourea 7.15
mancozeb tuber 6.41 7.15 0.10 0.04 34
mancozeb 7.89
pirimicarb flesh 5.9 5.90 0.12 0.08 32
propineb tuber 2.7 3.02 0.23 0.23 35
propineb 2.59
propineb 3.09
propineb 3.46
propineb 2.86
propineb 2.67
propineb 3.29
propineb 3.48

akd,S values are taken from the Pesticide Properties Database (PPDB).36
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With that, the related BCF at a given harvest time can be calculated as
ratio of C̅P(t) and CS(t). BCF can be interpreted as an indication of
the bioaccumulation potential of chemicals into potato tubers and,
hence, is directly relevant for evaluating chemical residues in potatoes
that are harvested for human (or animal) consumption.
2.5. Degradation Rate of the Chemical in the Potato. The

degradation process of the chemical in the potato includes microbial
and chemical processes that break down the chemical bonds under
certain conditions. Currently, information on chemical degradation in
the potato is limited, especially for crop component-specific processes,
although previous studies made efforts to derive half-lives of chemicals
in crops, which yield the data for the overall dissipation process for
reference conditions (i.e., 20 °C and open field).30,31 Thus, in our
study, an approximate approach is applied to derive the kd,P values
based on the kd,S values of the chemicals based on the assumption that
the probability of the breakdown of the chemical bond in potato
tissues is linearly correlated to the related probability of the chemical
breakdown in the soil at the same temperature. Thus, we applied the
available reported data of the kd,P values and the kd,S values of
chemicals (i.e., pesticides) to linearly extrapolate between the mean
values of kd,P and kd,S

31 based on which the kd,P values for other
pesticides can be derived using their available kd,S values. Table 1
summarizes the collected kd,P values of pesticides and their kd,S values
based on which the linear relationship between the kd,P values derived
from the means of the half-lives of the pesticides and the kd,S values is
obtained as a first proxy.

= +k k0.29 0.15d,P d,S (12)

This approach also yields a linear approximation for the half-live of
the pesticide in the potato (t1/2,P, day) and the half-live of the
pesticide in the soil (t1/2,S, day) as follows:

= +t t0.12 4.031/2,P 1/2,S (13)

Therefore, according to eqs 12 and 13, when kd,S is 0 (i.e., the
pesticide is not degradable in the soil), the kd,P intercept denotes an
intrinsic degradation rate of the pesticide inside the potato, which is

caused by the cell biochemistry (e.g., enzymes) of the potato tissues.
This approximation also indicates that, when kd,S is sufficiently large
(i.e., kd,S > 0.21 day−1), the degradation process of the pesticide in the
soil has a higher rate than the degradation process inside the potato,
which could represent the scenarios, such as the limited cell enzyme
number inside the potato or the degradation of some pesticides that is
favorable to specific soil microorganisms.

3. RESULTS AND DISCUSSION

3.1. Chemical Distribution along the Potato Tuber
Radius. The proposed dynamic model can be applied to
describe the chemical diffusion into the potato tuber via two
processes: (1) the outer-layer growth and (2) the equal growth
of all tissue cells (or the equal growth). The outer-layer growth
process describes the situation where we handle the growth of
the potato by adding an outer tissue layer, such that, during the
next time interval, there is a “blank” potato tissue gap between
the soil and the previously chemical-contaminated potato
tissue. This leads to an increasing chemical concentration
gradient between the soil solution and potato tissue.
Meanwhile, the equal growth process demonstrates the
situation where the growth of the potato is evenly distributed
across all tissue cells, such that, during the next time interval,
the chemical concentration is diluted at all locations of the
potato tissue as a result of the growth of the entire potato
tuber. Both of these growth processes can be realized by
handling the time and radius of the potato discretely in the
simulation process. For the outer-layer growth process, the
distribution of the pesticide concentration in the tuber at time t
remains constant at the beginning of the next time interval,
ensuring that the growing boundary only adds to the outer
layer. Conversely, for the equal growth process, we evenly
interpolate the increased radius of the assumed spherical tuber
during the next time interval into the whole radius of the tuber.
To demonstrate the simulation process, we used the
organophosphate insecticide chlorpyrifos (CAS Registry
Number 2921-88-2), one of the most widely used and
detected pesticides in potato fields,37 as an illustrative example,
for which an initial unit concentration of chlorpyrifos in soil
(i.e., 1.0 mg kg−1) was assumed after pesticide emission or soil
application. Model input parameters are summarized in Table

Table 2. Model Input Parameters Used for Illustrating the Uptake Process of Chlorpyrifos by a Growing Potato

model input variable symbol unit value note reference

initial radius m 0.006 estimated from the initial mass
potato radius at harvest r m 0.04 12
potato density ρP kg L−1 1.1 38
specific growth rate kg day−1 0.139 12
maximum mass at harvest Mp

max kg 0.295 estimated from the radius and density
initial mass (seedling) Mp

0 kg 0.001 estimated from the specific growth rate and the maximum mass through the
logistic function

potato water content θW g g−1 0.778 12
potato lipid content g g−1 0.001 12
potato carbohydrate content g g−1 0.154 12
potato tortuosity factor TP 0.72 estimated from the water content 12

Pesticide-Specific Variables
degradation rate in soil kd,S day−1 0.033 estimated from the degradation data 36
degradation rate in potato kd,P day−1 0.16 estimated from the linear extrapolation
potato tissue−water partition
coefficient

KPW L kg−1 9.29 estimated from the components 12

bulk soil−water partition
coefficient

KSW L kg−1 248 estimated 12

diffusivity in water DW m2 day−1 5.22 × 10−5 estimated from molecular weight and the diffusivity of O2 in water 39
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2. It was assumed that the pesticide application occurred 20,

40, or 60 days after the potato seedling was planted and that

the potato was harvested 60, 40, or 20 days after a single

pesticide application.

Figure 1 illustrates the simulated chlorpyrifos levels in the
potato as a function of the tuber radius and time after pesticide
application. Every two lines have the same time interval of 1
day, and the length of the function line in the horizontal
direction [i.e., rp(t)] increases with increasing time, because

Figure 1. Simulated concentrations of chlorpyrifos distributed along the radius of the potato tuber based on a unit initial level of 1.0 mg kg−1 of
chlorpyrifos in the soil after chlorpyrifos application on different days after planting the potato according to the (A) outer-layer growth process
(chlorpyrifos application at 20 days after planting the potato), (B) equal growth process (chlorpyrifos application at 20 days after planting the
potato), (C) outer-layer growth process (chlorpyrifos application at 40 days after planting the potato), and (D) outer-layer growth process
(chlorpyrifos application at 60 days after planting the potato). Each line indicates the distribution of chlorpyrifos concentrations along the radius of
the potato at a certain time (i.e., days after plating). The lines are arranged chronically from left to right (i.e., from chlorpyrifos application to potato
harvest). The black dots at the right end of the lines indicate the potato boundary layer that is in direct contact with the surrounding soil.

Figure 2. Potato mass and radius as functions of time (logistic growth function), with three independent emissions of chlorpyrifos at 20, 40, and 60
days after planting the potato.
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the growth of the potato follows a logistic function. These
results indicate that the chlorpyrifos level distributions are
nearly equal for both considered growth processes. For
example, panels A and B of Figure 1 illustrate the chlorpyrifos
level distributions (i.e., pesticide application at 20 days after
planting the potato) for the outer-layer growth and the equal
growth, respectively, where 40 days after planting the potato
(i.e., 20 days after chlorpyrifos application), the simulated
chlorpyrifos concentrations at the point 0.025 m away from the
center of the potato were 0.0158 and 0.0153 mg kg−1 for the
outer-layer growth and equal growth processes, respectively.
This is because, for both growth processes, when the discrete
time interval is very small (i.e., near continuous growth), the
chlorpyrifos level at the soil boundary drives the overall
concentration gradient along the potato radius, thereby
determining the concentration distribution. In the first days
after chlorpyrifos application, the chlorpyrifos concentration
was lowest at the center of the potato and increased toward the
outer layer of the potato as a result of the high chlorpyrifos
concentration at the boundary layer. As time passes, the
growth of the potato and the degradation process of
chlorpyrifos inside the potato tuber reduce the chlorpyrifos
concentration along the radius of the potato. In Figure 1A,
because chlorpyrifos is applied 20 days after potato seeding,
the logistic growth function suggests that the potato is growing
much faster than it was at the stage of sprout development,
which quickly dilutes the chlorpyrifos concentrations along the
radius of the potato (see Figure 2). This enhanced dilution
phenomenon was identified by the relatively large spaces
between the two neighboring lines in Figure 1A compared to
Figure 1D (i.e., pesticide application at 60 days after planting
the potato), which indicate a rapidly decreasing chlorpyrifos
concentration along the radius of the potato. When the potato
reaches its maturation state (i.e., 60−80 days after seeding),
both the absolute growth rate of the potato and the absolute
degradation rate of chlorpyrifos in the soil (i.e., pseudo first-
order kinetics31) are slow, resulting in a diminishing diffusion
flux of chlorpyrifos toward the center of the potato. It was
observed that the concentration−distribution lines near the
maturation stage were becoming nearer, which is because the
dilution process of the absolute growth rate of the potato and
the diffusion process of the absolute degradation rate of
chlorpyrifos in the soil are limited.
3.2. Chemical Uptake Processes into Potato Tuber.

Because it is necessary to understand the overall uptake of
pesticides into harvested potato components rather than the
distribution of pesticides along the tuber radius, we integrated
CP(r,t) along the tuber radius to obtain the pesticide
concentration in the potato as a function of time. The
dynamic model revealed a different distribution trend
compared to the classic diffusion model. Figure 3 illustrates
simulated C̅P(t) and CP

c(t) of chlorpyrifos in the potato during
the time between pesticide application and potato harvest for
the dynamic and classic models, respectively. In Figure 3A (i.e.,
chlorpyrifos application at 20 days after plating the potato), the
dynamic model shows that C̅P(t) of chlorpyrifos reached a
maximum value of 0.0312 mg/kg shortly after pesticide
application (i.e., 22 days) and decreased with increasing
time. Conversely, for the classic model, CP

c(t) of chlorpyrifos
increased slowly with increasing time, reached a maximum
value at approximately 8 days after pesticide application, and
then quickly decreased. This inconsistency originated from the
base perspective of the models. The dynamic model tracks the

uptake process of chlorpyrifos starting from a very small
potato, which has a small radius and low initial mass, which
significantly increases the diffusion flux and C̅P(t) of
chlorpyrifos, respectively (see Figure 4A). Also, Figure 4A
shows that, when the potato enters the fast-growing stage of
the logistic growth function (i.e., 20 days after seeding), the
magnified dilution effect of chlorpyrifos enhances the
elimination process of chlorpyrifos by the potato, leading to
rapidly decreasing C̅P(t) immediately after pesticide applica-

Figure 3. Simulated average concentrations of chlorpyrifos in the
potato based on a unit initial level of 1.0 mg kg−1 of chlorpyrifos in
the soil using both the dynamic and classic models: chlorpyrifos
application at (A) 20, (B) 40, and (C) 60 days after planting the
potato.
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tion. As time passes, the absolute growth rate of the potato
reaches a steady state (i.e., approximately 40 days after
seeding), which stabilizes the dilution effect of chlorpyrifos and
further weakens the overall elimination process, causing the
C̅P(t) curve to become a convex downward (or concave
upward) function with an inflection point at approximately 25
days after seeding. When the potato enters the maturation
stage (i.e., 60 days after seeding), where its mass reaches a
maximum value and its absolute growth rate nears 0, the
overall elimination process of chlorpyrifos is mainly
determined by the concentration gradient between the inner
part and boundary layer and the degradation process inside the
potato tuber. Thus, the formation of the convex downward
function after the maximum concentration was caused by the

logistic growth function of the potato that was transferred to a
sigmoid moving boundary. On the other hand, when the
chlorpyrifos application happens 40 or 60 days after planting
the potato, the shapes of the dynamic model are more similar
to the shape of the classic model (see panels B and C of Figure
3), which is due the fact that the mass of the potato has already
increased substantially (see panels B and C of Figure 4).
Overall, the C̅P(t) values simulated using the dynamic model
are much higher than those of the classical model, which is due
to the expanding radius of the potato and the radial
distribution of the chlorpyrifos concentrations used in the
dynamic model that drive larger concentration gradients
between the inner part and the boundary layer, resulting in
higher average chlorpyrifos concentrations.

3.3. Bioconcentration Factors Based on Dynamic and
Classic Diffusion Models. As a relevant input metric for
human exposure and health risk assessments associated with
pesticide residues in harvested food crops, we also estimated
the BCF of chlorpyrifos in potato tubers as a function of time
using the dynamic and classic models. Figure 5 illustrates the
BCF of chlorpyrifos in a potato as a function of time between
chlorpyrifos application (i.e., 20, 40, or 60 days after seeding)
and potato tuber harvest (i.e., 80 days after seeding). Similar to
C̅P(t) and CP

c(t), the simulated BCF values of chlorpyrifos in
the potato using the dynamic model show a quick jump when
the chlorpyrifos application occurs 20 days after seeding,
followed by a rapid decrease as time passes (see Figure 5A).
Further, when the minimum preharvest interval (PHI)
becomes smaller (i.e., 40 and 60 days after seeding), the
shapes of the dynamic model are more similar to the classical
model. Overall, the simulated BCFs of chlorpyrifos using the
dynamic model are much higher than the BCF of the classical
model. For example, at harvest, the simulated BCFs of
chlorpyrifos using the dynamic model are 0.0266, 0.0266,
and 0.0265 for the chlorpyrifos application at 20, 40, and 60
days after planting the potato, respectively, which are closer to
the experimental observation of 0.038 (i.e., 0.19 and 5.0 mg
kg−1 of the chlorpyrifos concentrations in the potato and soil at
91 days after plating the potato).40 Rigueira et al.40 planted the
pesticide-free potatoes purchased from a local market in
containers with the chlorpyrifos-treated soils (Oxisol red−
yellow), while the classical model at harvest yields a simulated
BCF value of 0.0050, which is much lower than the
observation by Rigueira et al.40 However, Juraske et al.13

reported a measured BCF of chlorpyrifos in the potato of
0.006, which matches the classical model better than the
dynamic model, but it is noted that this measured BCF is
based on the overall averages of the chlorpyrifos concentration
in the potato and the soil rather than the collected data at
harvest. Thus, from the perspective of health risk assessment,
the dynamic model seems to be more protective than the
classical model, but more experimental or field data are
required to further evaluate both models. In this study, the use
of chlorpyrifos is to illustrate the model application and to
validate our simulated results. For other pesticides, users can
apply our model using the code provided in the Supporting
Information with pesticide physiochemical properties. For
other types of potatoes, such as sweet potatoes and white
potatoes, users can change the water, lipid, and carbohydrate
contents of the tuber tissues to calculate the new potato−water
partition coefficients of pesticides (methods and references
provided in Table 2).

Figure 4. Simulated average concentrations of chlorpyrifos and
bioconcentration factors in the potato plotted against the mass of the
potato based on a unit initial level of 1.0 mg kg−1 of chlorpyrifos in
the soil using both the dynamic and classic models: chlorpyrifos
application at (A) 20, (B) 40, and (C) 60 days after planting the
potato.

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://doi.org/10.1021/acs.jafc.1c00151
J. Agric. Food Chem. 2021, 69, 3607−3616

3613

http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.1c00151/suppl_file/jf1c00151_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.1c00151/suppl_file/jf1c00151_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c00151?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c00151?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c00151?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c00151?fig=fig4&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.1c00151?rel=cite-as&ref=PDF&jav=VoR


3.4. Model Implications, Limitations, and Recom-
mendations for Future Studies. Although the simulated
chlorpyrifos BCF values and average concentrations at the time
of considered potato harvest using the dynamic model seem to
be closer to the experimental data than those from the classical
model, further field or experimental studies must be performed
to evaluate the model. For example, we estimated the kd,P value
of chlorpyrifos inside the potato tuber using limited input
information, which could yield some levels of inaccuracy. Some
field studies have evaluated the chlorpyrifos concentrations in
potatoes, but they mainly focused on potatoes during the
maturation stage. For example, Juraske et al.13 conducted
modeling and experimental studies for uptake of chlorpyrifos
into potatoes. In their study, potato samples were collected for

chlorpyrifos concentration measurements at 100 days after the
potatoes were planted, at which time the potatoes were already
in the maturation stage. At this point, only the chlorpyrifos
concentration gradient between the potato and the boundary
layer determines the diffusion flux of chlorpyrifos into the
potato, which is explained by our dynamic model because the
moving boundary is a fixed value instead of a sigmoid growing
boundary. There is a lack of additional experimental data
assessing the profile of chlorpyrifos and other pesticide
concentrations during all growth stages of potatoes. This
aspect is relevant for the following reasons: (1) During the
early growth stage of tuber plants, plant tissues are under
cellular differentiation, meaning that the uptake of a certain
level of pesticide residues may damage the plant tissues.41 (2)
In the present study, the peel effect on the uptake of pesticide
residues was not specifically considered. A potato peel has a
different chemical composition and physiological structure
than the potato tuber tissue, which could affect the diffusion
process of pesticides. Because the peel is formed in the early
growing stage, it may play a significant role in the uptake of
pesticides by potatoes. For example, if the peel acts as a barrier
to the transport of pesticides through the boundary layer, the
uptake process of pesticides may be impeded, implying that
adding a peel compartment to the dynamic model during the
sprout development stage could better reflect pesticide
distribution in potato tubers. (3) Studies have shown that
some insects and bugs can culture in sprouting potatoes.42,43

Therefore, predicting the concentration of pesticides in early
growth stages may help to evaluate the overall potato health.
However, because there is limited information regarding
pesticide residues in sprouting potatoes, we suggest that, in
the future, field studies are conducted to evaluate pesticide
concentrations throughout the growth of the potato. We
further note that the lipid and carbohydrate contents of the
tuber could vary across growth stages of the potato, which may
affect the partition coefficients of the pesticides, which may
affect uptake rates. As a result of current data limitation, we
applied constant values for lipid and carbohydrate contents of
the tuber, in line with previous studies. (4) Most importantly,
pesticides may be applied at all growth stages of potato and
other crops, for which residue profiles from usually more than
a single pesticide applied in a single application might become
relevant for both the plant health as well as subsequent human
exposure and related potential health risks from consuming
harvested crop components that contain pesticide residues.
In the present study, we introduced a moving-boundary

model to evaluate the uptake process of pesticides into potato
tubers based on a logistic potato growth function. This model
dynamically describes the distribution of pesticides along the
radius of the potato. Simulated results (e.g., BCF and average
concentration) of the dynamic model were higher than those
of a classic diffusion model and closer to experimental results.
This indicates that the dynamic model could be more
protective in the context of human risk assessment when
estimating the results at certain harvest times. The chlorpyrifos
application simulations using the dynamic model revealed a
different chlorpyrifos uptake process by the potato, exhibiting a
quick and big jump of the chlorpyrifos concentration in the
potato, especially when chlorpyrifos is applied at the sprouting
or growing stage of the potato. This uptake process was caused
by the sigmoid growing boundary layer between the potato
tissues and the surrounding soil. Although experimental or field
data are required to further evaluate our dynamic model, it

Figure 5. Simulated chlorpyrifos BCFs in the potato tuber as a
function of time between chlorpyrifos application and tuber harvest
for the dynamic and classic diffusion models: chlorpyrifos application
at (A) 20, (B) 40, and (C) 60 days after planting the potato.
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provides a new understanding of the pesticide uptake process
by tuber plants. This may have implications for human
exposure and health risk assessment for pesticides applied at
different tuber growth stages as well as for identifying optimal
pesticide application times with respect to plant health.
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